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We discuss the correlation between late-time integrated Sachs-Wolfe (ISW) effect in the cosmic
microwave background (CMB) temperature anisotropies and the large scale structure of the local
universe. This correlation has been proposed and studied in the literature as a probe of the dark
energy and its physical properties. We consider a variety of large scale structure tracers suitable for
a detection of the ISW effect via a cross-correlation. In addition to luminous sources, we suggest the
use of tracers such as dark matter halos or galaxy clusters. A suitable catalog of mass selected halos
for this purpose can be constructed with upcoming wide-field lensing and Sunyaev-Zel’dovich (SZ)
effect surveys. With multifrequency data, the presence of the ISW-large scale structure correlation
can also be investigated through a cross-correlation of the frequency cleaned SZ and CMB maps.
While convergence maps constructed from lensing surveys of the large scale structure via galaxy
ellipticities are less correlated with the ISW effect, lensing potentials that deflect CMB photons are
strongly correlated and allow, probably, the best mechanism to study the ISW-large scale structure
correlation with CMB data alone.
I. INTRODUCTION
It is by now well known the importance of cosmic mi-
crowave background (CMB) temperature fluctuations as
a probe of cosmology [1]. In addition to the dominant
anisotropy contribution at the last scattering surface [2],
CMB photons, while on transit to us, encounter the large
scale structure which imprints modifications on the tem-
perature fluctuations. In general, large scale structure
affects CMB through two distinct processes: gravity and
Compton scattering. The modifications due to grav-
ity arises from frequency changes via gravitational red
and blue-shifts [3,4], through deflections involving lens-
ing [5,6] and time-delays [7]. During the reionized epoch,
photos can both generate and erase primary fluctuations
through scattering via free electrons [8,9].
Here, we discuss an effect due to gravitational red-
shift commonly known in the literature as the integrated
Sachs-Wolfe (ISW; [3]) effect at late times. The tempera-
ture fluctuations in the ISW effect result from the differ-
ential redshift effect from photons climbing in and out of
time evolving potential perturbations from last scatter-
ing surface to the present day. In currently popular cold
dark matter cosmologies with a cosmological constant,
significant contributions arise at redshifts of cosmological
constant domination (z <∼ 2), at on and above the scale
of the horizon at the time of decay. When projected on
the sky, the ISW effect contributes at large angular scales
and has a power spectrum that scales with the wavenum-
ber as k−5 times the linear density field power spectrum
[10]. This is in contrast to most other contributions to
CMB temperature fluctuations from the local universe,
such as the well known thermal Sunyaev-Zel’dovich (SZ;
[8]) effect, that peak at small angular scales and scales
with the wavenumber as k−1.
Since time evolving potentials that contribute to the
ISW effect may also be probed by observations of the
large scale structure, it is then expected that the ISW
effect may be correlated with certain tracers. The pres-
ence of the ISW effect can then be detected via a cross-
correlation of the CMB temperature fluctuations at large
angular scales and the fluctuations in an appropriate
tracer field. Since the ISW contribution is sensitive to
how one models cosmology at late-times, such as the
presence of a dark energy component and its physical
properties (for example, the ratio of dark energy pressure
to density), the correlation between the CMB tempera-
ture and tracer fields has been widely discussed in the
literature [11].
Though several attempts have already been made to
cross-correlate the ISW effect, using the best COBE tem-
perature map, and foreground sources, such as X-ray and
radio galaxies, there is, so far, no clear detection of the
correlation signal [12]. As we discuss later, these non-
detections are not surprising given the large sample vari-
ance associated with the correlating part of the temper-
ature fluctuations, i.e., the ISW effect, with contribution
to the variance coming from the primary temperature
fluctuations. Even for the best case scenarios involving
whole-sky observations and no noise contribution in the
tracer field, the expected cumulative signal-to-noise for
the ISW-large scale structure correlation is at most a ten.
If the ISW-large scale structure correlation is to be used
as probe of cosmological and astrophysical properties, it
is certainly necessary to study in detail what tracers are
best correlated with the ISW effect and why.
In this paper, we address this question by studying in
detail the correlation between the ISW effect and large
scale structure. Since we are primarily interested in un-
derstanding what types of tracers are best suited to de-
tect the correlation, we will consider a variety of large
scale structure observations and tracers. These include
luminous sources such as galaxies or active galactic nuclei
(AGN) at different wavelengths, the dark matter halos or
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galaxy clusters that describe the large scale clustering of
the universe, gravitational lensing, and other contribu-
tions to CMB from the large scale structure, such as the
thermal SZ effect. Unlike previous studies [13,24], we
do not consider cosmological applications of the cross-
correlation involving measurement of dark matter and
dark energy properties.
In § II, we outline the correlation between ISW effect
and large scale structure. In § III, we discuss our re-
sults and study which tracer is best suited for correlation
studies. We suggest that in addition to tracers involving
sources such as galaxies or AGNs, dark matter halos that
contain these sources may also be suitable for a detection
of the ISW effect via a cross-correlation. The best probe
of the ISW-large scale structure correlation is the lensing
effect on CMB photons on transit to us from the last scat-
tering surface. Since one can extract information related
to lensing deflections from quadratic statistics on tem-
perature data [15,16], this allows one to use all-sky CMB
anisotropy maps, such as from the Planck surveyor, alone
to extract the ISW-large scale structure correlation.
II. ISW-LARGE SCALE STRUCTURE
CORRELATION
The integrated Sachs-Wolfe effect [3] results from the
late time decay of gravitational potential fluctuations.
The resulting temperature fluctuations in the CMB can
be written as
T ISW(nˆ) = −2
∫ r0
0
drΦ˙(r, nˆr) , (1)
where the overdot represent the derivative with respect to
conformal distance, or equivalently look-back time, from
the observer at redshift z = 0
r(z) =
∫ z
0
dz′
H(z′)
. (2)
Here, the expansion rate for adiabatic CDM cosmological
models with a cosmological constant is
H2 = H20
[
Ωm(1 + z)
3 +ΩK(1 + z)
2 +ΩΛ
]
, (3)
where H0 can be written as the inverse Hubble distance
today H−10 = 2997.9h
−1Mpc. We follow the conventions
that in units of the critical density 3H20/8piG, the con-
tribution of each component is denoted Ωi, i = c for the
CDM, g for the baryons, Λ for the cosmological constant.
We also define the auxiliary quantities Ωm = Ωc+Ωb and
ΩK = 1−
∑
i Ωi, which represent the matter density and
the contribution of spatial curvature to the expansion
rate respectively.
Writing multipole moments of the temperature fluctu-
ation field T (nˆ),
alm =
∫
dnˆT (nˆ)Y ml
∗(nˆ) , (4)
we can formulate the angular power spectrum as
〈a∗l1m1al2m2〉 = δ
D
l1l2δ
D
m1m2Cl1 . (5)
For the ISW effect, multipole moments are
aISWlm = i
l
∫
d3k
2pi2
∫
drΦ˙(k)Il(k)Y
m
l (kˆ) ,
(6)
with IISWl (k) =
∫
drW ISW(k, r)jl(kr), and the window
function for the ISW effect, W ISW. Here, we have used
the Rayleigh expansion of a plane wave
eik·nˆr = 4pi
∑
lm
iljl(kr)Y
m∗
l (kˆ)Y
m
l (nˆ) . (7)
In order to calculate the power spectrum involving the
time-derivative of potential fluctuations, we make use of
the cosmological Poisson equation [17]. In Fourier space,
we can relate fluctuations in the potential to the density
field as:
Φ =
3
2
Ωm
a
(
H0
k
)2(
1 + 3
H20
k2
ΩK
)−2
δ(k, r) . (8)
Thus, the derivative of the potential can be related to a
derivative of the density field and the scale factor a. In
linear theory, the density field may be scaled backwards
to a higher redshift by the use of the growth function
G(z), where δ(k, r) = G(r)δ(k, 0) [18]
G(r) ∝
H(r)
H0
∫ ∞
z(r)
dz′(1 + z′)
(
H0
H(z′)
)3
. (9)
Note that in the matter dominated epoch G ∝ a = (1 +
z)−1. It is, therefore, convenient to define a new variable
F (r) such that F ≡ G/a.
Since we will be discussing the correlation between the
ISW effect and the tracers of the large scale structure
density field, for simplicity, we can write the power spec-
trum of ISW effect in terms of the density field such that
CISWl =
2
pi
∫
k2dkPδδ(k)
[
IISWl (k)
]2
, (10)
where
IISWl (k) =
∫ r0
0
drW ISW(k, r)jl(kr) , (11)
with
W ISW(k, r) = −3Ω
(
H0
k
)2
F˙ . (12)
Here, we have introduced the power spectrum of density
fluctuations
〈δ(k)δ(k′)〉 = (2pi)3δD(k+ k′)P (k) , (13)
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where
k3Pδδ(k)
2pi2
= δ2H
(
k
H0
)n+3
T 2(k) , (14)
in linear perturbation theory. Here, δH is the ampli-
tude of the present-day density fluctuations at the Hub-
ble scale and we use the fitting formulae of [19] in evalu-
ating the transfer function T (k) for CDM models.
The cross-correlation between the ISW effect and an-
other tracer of the large scale structure can be similarly
constructed by taking the multipole expansion of the
tracer field. Following arguments similar to the above,
we obtain this cross-correlation as
CISW−Xl =
2
pi
∫
k2dkPδδ(k)I
ISW
l (k)I
X
l (k) , (15)
where
IXl (k) =
∫ r0
0
drWX(k, r)jl(kr) , (16)
with the window function for the X-field as WX(k, r).
To estimate how well the tracer field correlates with the
ISW effect, we will introduce the correlation coefficient
rISW−X such that
rISW−X =
CISW−Xl√
CISWl C
X
l
, (17)
where the power spectrum of the X-field follows
CXl =
2
pi
∫
k2dkPδδ(k)
[
IXl (k)
]2
. (18)
A correlation coefficient of ∼ 1 suggests that the tracer
field is well correlated with the ISW effect. One of the
goals of this paper is to investigate what tracer fields lead
to correlation coefficients close to 1.
Using the covariance of the cross-correlation power
spectrum, we can write the signal-to-noise for the de-
tection of the ISW-large scale structure as
(
S
N
)2
= fsky
lmax∑
l=lmin
(2l + 1)
×
[
CISW−Xl
]2
[
CISW−Xl
]2
+
(
CISWl + C
NISW
l
)(
CXl + C
NX
l
) , (19)
where noise contributions to the ISW map and the tracer
map are given by CNISWl and C
NX
l , respectively.
In the case of the ISW effect, the noise contributions
are effectively
CNISWl = C
CMB
l + C
det
l , (20)
where CCMBl is the total temperature fluctuation con-
tribution, including the ISW contribution, while Cdetl is
any detector noise contribution. As we find later, it is
the CCMBl that limits the signal-to-noise for the detection
of the ISW-large scale structure correlation. Therefore,
most of the results we present here apply equally well
to both MAP and Planck surveyor missions. We will
also discuss tracer fields, such as the SZ effect, involv-
ing information extracted using temperature data from
these satellites. In such cases, when the signal-to-noise
is different, we will separately quote them for MAP and
Planck.
In equation 19, we have approximated the number of
independent modes available for the measurement of the
cross-correlation as fsky(2l + 1). The summation gener-
ally starts from lmin = 2, though, when observations are
limited to a fraction of the sky, the low multipoles are not
independent and there is a substantial reduction in the
number of independent modes. To account for the loss of
low multipole modes, one can approximate the summa-
tion such that lmin ∼ pi/θsky where θsky is the survey size
in smallest dimension. Since the ISW effect peaks at large
angular scales, where in some cases the cross-correlation
is also, it is crucial that the reduction in signal-to-noise
due to partial sky coverage be considered.
Since we will be primarily interested in all-sky temper-
ature maps from upcoming satellite missions, these issues
are of minor concern. We will assume a usable fraction
of fsky = 0.65 for such missions due to sky cuts involving
galactic plane etc, which still leads to almost indepen-
dent modes at each multipole. When cross-correlating
with surveys of limited area tracer fields, however, the
detectability of the ISW effect via the attempted corre-
lation may crucially depend on the sky coverage of the
tracer field.
Note that an expression of the type in equation (10)
can be evaluated efficiently with the Limber approxima-
tion [20]. Here, we employ a version based on the com-
pleteness relation of spherical Bessel functions∫
dkk2F (k)jl(kr)jl(kr
′) ≈
pi
2
d−2A δ
D(r − r′)F (k)
∣∣
k= l
dA
,
(21)
where the assumption is that F (k) is a slowly-varying
function. Using this, we obtain a useful approximation
for the power spectrum for sufficiently high l values, l ∼
few hundred, as
CISWl =
∫
dr
[
W ISW
]2
d2A
PΦ˙Φ˙
[
k =
l
dA
, r
]
. (22)
Here, the comoving angular diameter distance, in terms
of the radial distance, is
dA = H
−1
0 Ω
−1/2
K sinh(H0Ω
1/2
K r) . (23)
Note that as ΩK → 0, dA → r and we define r(z =∞) =
r0.
Although we maintained generality in all derivations,
we now illustrate our results with the currently favored
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FIG. 1. The signal-to-noise for the detection of source-ISW
cross-correlation with a variety of sources that trace the large
scale structure. The considered surveys include: HEAO X-ray
catalog, radio sources from the NVSS, and the upcoming
Sloan galaxy catalog. The signal-to-noise includes the frac-
tion of sky covered in each of these surveys. The correlation
with Sloan is limited by the sample variance associated with
the ISW signal while the other two catalogs have significant
shot-noise associated with the limited number counts.
ΛCDM cosmological model. The parameters for this
model are Ωc = 0.30, Ωb = 0.05, ΩΛ = 0.65 and h = 0.65.
With n = 1, we adopt the COBE normalization for δH
[21] of 4.2× 10−5, such that mass fluctuations on the 8h
Mpc−1 scale is σ8 = 0.86, consistent with observations
on the abundance of galaxy clusters [22].
III. RESULTS
We now discuss a variety of large scale structure tracers
that can potentially be used to cross-correlate with CMB
temperature data.
A. ISW-source Correlation
Probably the most obvious tracer of the large scale
structure density field in the linear regime is luminous
sources such as galaxies at optical wavelengths and AGNs
at X-rays and/or radio wavelengths. We can write the
associated window function in this case as
WX(k, r) = bX(k, r)nX(r)G(r) , (24)
where bX(k, r) is the scale-dependent source bias as a
function of the radial distance and nX(r) is the normal-
ized redshift distribution of sources such that
∫ r0
0
nX(r) =
101 102
l
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FIG. 2. The signal-to-noise for the detection of source-ISW
cross-correlation with dark matter halos that trace the large
scale structure with low mass limits down to 1015, 1014 and
1013 M⊙ (solid lines). The long-dashed line is the maximum
signal-to-noise when the ISW effect can be perfectly sepa-
rated from the dominant CMB data. The dot-dashed line
shows an estimate for the correlation using a catalog of clus-
ters based on the proposed Dark Universe Exploration Tele-
scope (DUET).
1. We will model the redshift distribution in current and
upcoming source catalogs with an analytic form:
nX(z) =
(
z
z0
)α
exp−
(
z
z0
)β
, (25)
where (α, β) denote the slope of the distribution at low
and high z’s, respectively with a mean given by ∼ z0.
For the purpose of this calculation we take α = β = 1
and vary z0 from 0.1 to 1.5 so as to mimic the expected
sources from current and upcoming catalogs as well as
to cover the redshift range in which ISW contributions
are generally expected. Since any redshift dependence
on bias can be included as a variation to the source red-
shift distribution, the scale dependence on bias is more
important.
Since the ISW effect is primarily associated with large
linear scales, the source bias can be well approximated
as scale independent. Such an assumption is fully con-
sistent with results from numerical simulations [23], re-
sults from redshift surveys [24] and semi-analytic calcu-
lations involving the so-called halo model [25]. We take
the source bias to be in the range of 1 to 3 as expected
for galaxies and biased sources as X-ray objects. Since
CISW−Xl ∝ b, and C
X
l ∝ b
2, note that the correlation
coefficient is independent of bias and other normalizing
factors. The bias becomes only important for estimating
the signal-to-noise.
In order to estimate signal-to-noise, we describe the
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noise contribution associated with source catalogs by the
finite number of sources one can effectively use to cross-
correlate with temperature data. We can write this shot-
noise contribution as
CNXl =
1
N¯
(26)
where N¯ is the surface density of source per steradian.
In figure 1, we show cumulative signal-to-noise for a
cross-correlation of the temperature data with large scale
structure. We have considered three source catalogs here
involving the HEAO X-ray catalog (fsky = 1/3,N¯ ∼ 10
3
sr−1 and bX = 3), NVSS radio sources (fsky = 0.82,N¯ ∼
2× 105 sr−1 and bX = 1.6) [26] and galaxy counts down
to R band magnitude of 25 from the Sloan Digital Sky
survey (fsky = 0.25, 7 × 10
8 sr−1 and bX = 1) [27]. The
first two catalogs have already been used for this cross-
correlation with the COBE data [12]. The non-detection
of the cross-correlation is not surprising given that we
find cumulative signal-to-noise values less than 1; this
estimate will become worse once the noise contribution
associated with COBE temperature data is also included.
In both cases, the shot-noise associated with tracer fields
is significant. For Sloan, the limiting factor in the signal-
to-noise is the large noise contribution associated with
the ISW contribution due to dominant primary temper-
ature fluctuations. Our estimates for the signal-to-noise
for ISW-Sloan correlation is consistent with previous es-
timates [13], where it was concluded that the detection
may be challenging given the small signal-to-noise.
In addition to luminous sources, one can also cross-
correlate the temperature map with a catalog of galaxy
clusters, or dark matter halos. It is expected that wide-
field galaxy lensing surveys and small-angular resolution
SZ surveys will allow mass selected catalogs of clusters
[28]. Similar catalogs of clusters can also be compiled
through wide-field galaxy catalogs such as Sloan and X-
ray imaging data, such as from the proposed Dark Uni-
verse Exploration Telescope (DUET).
The redshift distribution of halos in such catalogs fol-
lows simply from analytical arguments, such as through
the mass function dn(M, z)/dM calculated following an-
alytical methods such as the Press-Schechter (PS; [29])
mass function or numerical measurements [30]. Addition-
ally, the halo bias is also well known through analytical
methods [31]:
bh(M, z) = 1 +
[
ν2(M, z)− 1
]
δc
, (27)
where ν(M, z) = δc/σ(M, z) is the peak-height threshold.
σ(M, z) is the rms fluctuation within a top-hat filter at
the virial radius corresponding to mass M , and δc is the
threshold overdensity of spherical collapse. Useful fitting
functions and additional information on these quantities
could be found in [32]. For the purpose of this calcu-
lation, we use bX = 〈bM 〉, such that the mass averaged
halo bias, as a function of redshift is:
〈bM 〉 (z) =
1
n¯h(z)
∫ ∞
Mmin
dM
dn(M, z)
dM
bh(M, z) . (28)
Here, the mean number density of halos, as a function of
redshift, given by n¯h(z) =
∫
dMdn(M, z)/dM .
The redshift distribution of halos follow similarly from
PS theory:
nX(z) =
1
N¯
d2V
dzdΩ
[∫ ∞
Mmin
dM
dn(M, z)
dM
]
, (29)
where
N¯ =
∫
dz
d2V
dzdΩ
[∫ ∞
Mmin
dM
dn(M, z)
dM
]
, (30)
with the comoving volume element given by d2V/dzdΩ.
Note that the shot-noise associated with the halo-halo
power spectrum is given by the surface-density of halos
CNXl ≡ 1/N¯ . Note that even though the surface density
of halos are significantly smaller than, say, the case for
galaxies or sources, one gains an equivalent factor with
the increase in halo bias relative to the same for galaxies.
Therefore, on average, we expect catalogs based on halos
to produce same order of magnitude signal-to-noise as for
luminous sources.
In figure 2, we show the cumulative signal-to-noise for
detecting the ISW-halo correlation. Here, we assume all-
sky catalogs of clusters down to a minimum mass limit
of 1013, 1014 and 1015 M⊙. The lower limit of 10
14 M⊙
is consistent with the expected mass threshold for SZ
clusters that will be detected with the planned South
Pole Telescope [28]. This mass limit is constant over
a wide range in redshift, while mass catalogs based on
lensing surveys contain a redshift dependent minimum
mass limit due to the variation in the lensing window
function.
The decrease in signal-to-noise with increase in mass
is due to the decrease in the surface density of halos and
thus the increase in the shot-noise associated with the
halo side of the correlation. Though the halo surface
density decreases as a function of mass, this is partly ac-
counted by the increase in the halo bias such that even
with a low surface density of halos, one can attempt a
correlation of the temperature with cluster catalogs. As
an example of a temperature-source catalog correlation
that can be expected with the MAP data, we also show an
estimate for the signal-to-noise for a catalog of ∼ 18000
clusters that is expected to be compiled from the wide-
field X-ray survey by the proposed DUET mission (dot-
dashed line). Though the cumulative signal-to-noise is
below 2, the DUET catalog is significantly preferred over
the Sloan survey due to the fact that cluster bias associ-
ated with DUET tracers can be a priori known through
mass estimates based on the electron temperature data
while galaxy bias may be more complicated.
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FIG. 3. Left: The cross-correlation power spectrum between the ISW and SZ effects. For comparison, we also show the
power spectra of ISW and SZ effects and the CMB anisotropies. Right: The cumulative signal-to-noise for the detection of
the ISW-SZ correlation with Planck and MAP data and using spectral dependence of the SZ contribution to separate it out
from thermal CMB fluctuations. The maximum signal-to-noise is when the ISW effect is separated from the dominant primary
fluctuations at the last scattering surface.
B. ISW-SZ Correlation
Following the derivation of the ISW-large scale
structure correlation, we can also consider the cross-
correlation between the ISW effect and the Sunyave-
Zel’dovich thermal effect [8] due to inverse-Compton
scattering of CMB photons via hot electrons. The tem-
perature decrement due to the SZ effect can be written
as the integral of pressure along the line of sight
y ≡
∆T
TCMB
= g(x)
∫
dra(r)
kBσT
mec2
ne(r)Te(r) (31)
where σT is the Thomson cross-section, ne is the elec-
tron number density, r is the comoving distance, and
g(x) = xcoth(x/2)− 4 with x = hν/kBTCMB is the spec-
tral shape of SZ effect. At Rayleigh-Jeans (RJ) part of
the CMB, g(x) = −2. For the rest of this paper, we
assume observations in the Rayleigh-Jeans regime of the
spectrum. Due to the spectral dependence of the SZ ef-
fect when compared to CMB thermal fluctuations, the SZ
signal can be extracted from CMB fluctuations in multi-
frequency data [34]. Here, we use expected results from
such a frequency separation with Planck and MAP data,
and consider the ISW-SZ cross-correlation by correlat-
ing the CMB and SZ maps. When calculating signal-to-
noise, we will use the noise power spectra calculated in
[34] for the Planck SZ and CMB maps.
Following our discussion on the ISW-large scale struc-
ture correlation, we can write the relevant window func-
tion for the SZ effect as
W SZ(r) = g(x)
kBσT bg(r)n¯e
a(r)2mec2
(32)
where, at linear scales corresponding to the ISW effect,
the pressure bias, bg, relative the density field follows
from arguments based on the halo approach to large scale
pressure fluctuations [25,33]:
bg(z) =
∫
dM
M
ρ¯
dn(M, z)
dM
bhalo(M, z)Te(M, z) . (33)
Here, Te(M, z) is the electron temperature, which can be
calculated through arguments related to the virial theo-
rem. In Eq. 32, n¯e is the mean density of electrons today.
In figure 3, we show the cross-correlation between the
ISW and SZ effects. For comparison, we also show the
ISW and SZ power spectra. The correlation coefficient
for the ISW-SZ effect ranges from 0.3, at l ∼ few tens to
0.1 at l ∼ few hundred suggesting that ISW and the SZ
contributions are not strongly correlated. This could be
understood based on the fact that contributions to the
SZ effect primarily comes from the so-called 1-halo term
of the halo models of non-linear clustering and not the
2-halo term that tracers the large scale correlations and,
thus, the linear density fluctuations responsible for the
ISW effect.
In the same figure, we also show the signal-to-noise for
the detection of the ISW-SZ cross-correlation. For an
experiment like Planck, we find that the signal-to-noise
ratio is at the level of ∼ 4, while for MAP, it is at the
level of 0.3; this is understandable as MAP has no high
frequency information for a reliable separation of the SZ
effect. In order to investigate what limits the signal-to-
noise for the detection of the ISW-SZ correlation with a
mission like Planck, we decided to set the noise contri-
bution to the ISW effect as simply due to the ISW effect
6
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FIG. 4. The power spectrum of convergence constructed
from CMB deflections (top curve) and galaxy shape data (bot-
tom curve). In the case of reconstruction based on CMB, we
show expected errors from the Planck mission while for large
scale structure weak lensing, we show expected errors for a
survey of 400 deg.2 down to a R band magnitude of 25.
itself, instead of the total CMB power spectrum. This led
to the dot-dashed line. Further removing the noise con-
tribution to the SZ map, such that a perfect separation
of the SZ effect is possible led to the dotted line, which
converges to the previous dot-dashed line by l ∼ 10. It
is clear that the dominant noise contribution comes from
the noise associated with the ISW effect, and effectively,
the dominant CMB anisotropies at the last scattering
which cannot be easily separated from the ISW effect. If
there is a useful separation scheme to extract the ISW
contribution alone, the expected signal-to-noise for the
ISW-SZ correlation is at the level of ∼ 60 suggesting a
clear detection of the correlation which can be used for
cosmological and astrophysical purposes.
C. ISW-lensing correlation
We can consider two forms of lensing: the potentials
that deflect CMB photons and potentials that shear back-
ground galaxy images. The former can be constructed
using quadratic statistics in temperature data or using
Fourier space statistics that are optimized to extract the
lensing signal, while the latter is probed in weak lensing
survey using galaxy shapes.
The deflection angle of CMB photons on the sky,
α(nˆ) = ∇φ(nˆ), are given by the gradient of the projected
potential Φ (see e.g. [35]),
φ(mˆ) = −2
∫ r0
0
dr
dA(r0 − r)
dA(r)dA(r0)
Φ(r, mˆr) . (34)
The lensing potential can be related to the well known
convergence generally encountered in conventional lens-
ing studies involving galaxy shear
κ(mˆ) =
1
2
∇2φ(mˆ)
= −
∫ r0
0
dr
dA(r)dA(r0 − r)
dA(r0)
∇2⊥Φ(r, mˆr) ,
(35)
where note that the 2D Laplacian operating on Φ is a
spatial and not an angular Laplacian. Expanding the
lensing potential to Fourier moments,
φ(nˆ) =
∫
d2l
(2pi)2
φ(l)eil·nˆ , (36)
we can write the usually familiar quantities of conver-
gence and shear components of weak lensing as [6]
κ(nˆ) = −
1
2
∫
d2l
(2pi)2
l2φ(l)eil·nˆ
γ1(nˆ)± iγ2(nˆ) = −
1
2
∫
d2l
(2pi)2
l2φ(l)e±i2(φl−φ)eil·nˆ . (37)
Though the two terms κ and φ contain differences with
respect to radial and wavenumber weights, these differ-
ences cancel with the Limber approximation [20]. In par-
ticular, their spherical harmonic moments are simply pro-
portional
φlm = −
2
l(l + 1)
κlm =
∫
dnˆY ml
∗(nˆ)φ(nˆ)
= il
∫
d3k
2pi2
δ(k)Y ml
∗(kˆ)I lenℓ (k) (38)
with
I lenℓ (k) =
∫
W len(k, r)jl(kr) ,
W len(k, r) = −3
Ωm
a
(
H0
k
)2
G(r)
dA(r0 − r)
dA(r)dA(r0)
. (39)
Here, we have used the Rayleigh expansion of a plane
wave, equation (7), and the fact that ∇2Y ml = −l(l +
1)Y ml .
For the construction of deflection angles based on
the CMB temperature data, we make use the quadratic
statistic proposed by [16] involving the divergence of the
temperature weighted temperature gradients, ∇ · (θ∇θ).
In Fourier space, we can write the estimator for the de-
flection angles as
D(l) =
Nl
l
∫
d2l1
(2pi)2
(
l · l1C
CMB
l1 + l · (l − l1)C
CMB
|l−l1|
)
×
θ(l1)θ(|l − l1|)
2Ctotl1 C
tot
|l−l1|
. (40)
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FIG. 5. The signal-to-noise for the detection of lens-
ing-ISW cross-correlation with galaxy shear data and using
deflections in the CMB. The dotted lines are for galaxy weak
lensing surveys with background sources at redshifts of 0.5
and 1.5, respectively, and with a sky area of pi steradians,
similar to the Sloan survey. The dashed lines show the sig-
nal-to-noise when temperature data is cross-correlated with
an estimator for lensing deflections in Planck and MAP tem-
perature data. The solid line is when a temperature map is
cross-correlated with a noise-free estimator of deflections.
The ensemble average, 〈D(l)〉, is equal to the deflection
angle, lφ(l), when
N−1l =
1
l2
∫
d2l1
(2pi)2
(
l · l1C
CMB
l1
+ l · (l− l1)C
CMB
|l−l1|
)2
2Ctotl1 C
tot
|l−l1|
.
(41)
Note that Nl is the noise power spectrum associated with
the reconstructed deflection angle power spectrum:
〈D(l)D(l′)〉 = (2pi)2δD(l+ l
′)
(
l2Cφφl +Nl
)
. (42)
In the case of lensing surveys using galaxy shear data,
we rewrite equations (37) and (39) such that dA(r0) =
dA(rs) where rs) is radial distance to background sources
from which shape measurements are made. We assume
that all sources are at the same redshift, though,a dis-
tribution of sources in the redshift range expected does
not lead to a significantly different result than the one
suggested here.
The shot-noise contribution to the convergence power
spectrum associated with lensing surveys involving
galaxy ellipticity data is
CNXl =
〈γ2int〉
n¯
, (43)
where 〈γ2int〉
1/2 is the rms noise per component intro-
duced by intrinsic ellipticities, typically ∼ 0.6 for best
ground based surveys, and n¯ is the surface number den-
sity of background source galaxies from which shape mea-
surements can be made. For surveys that reach a limiting
magnitude in R ∼ 25, the surface density is consistent
with n¯ ∼ 6.9× 108 sr−1 or ≈ 56 gal arcmin−2 [36], such
that CNl ∼ 2.3× 10
−10.
In figure 4, we compare the lensing convergence power
spectrum associated with CMB (top curve) and a large
scale structure weak lensing survey from galaxy elliptici-
ties with background source galaxies at a redshift of one.
Note that we have obtained the convergence power spec-
trum associated with lensing deflections in CMB follow-
ing the estimator for the lensing deflection power spec-
trum and the two are simply related following equa-
tion (37) such that Cκl = l
4/4Cφφl . For comparison,
we also show expected error bars on the reconstructed
convergence power spectrum from CMB, via the Planck
temperature data, and for a wide-field survey of 400 deg.2
down to a R-band magnitude of 25.
In figure 5, we show the associated cumulative signal-
to-noise in the detection of the ISW-lensing correlation
for galaxy lensing surveys and using CMB data. We
assume an area of pi steradians for the lensing surveys
and as the signal-to-noise scales as f
1/2
sky , we do not ex-
pect a significant use of the current and upcoming lens-
ing surveys which are restricted to at most few hundred
sqr. degrees. The dedicated instruments, such as the
Large-aperture Synoptic Survey Telescope (LSST; [37])
however, will provide wide-area maps of the lensing con-
vergence and these will certainly be useful for cross-
correlation studies with CMB to extract the ISW effect.
Note that the Planck data allow the best opportunity
to detect the ISW effect by correlating an estimator for
deflections with a temperature map. The MAP has a
lower cumulative signal-to-noise due to its estimator of
deflections is affected by the low resolution of the tem-
perature data. Nevertheless, the MAP data will certainly
allow the first opportunity to detect the presence of the
ISW effect either from CMB data alone or through cross-
correlation of other tracers.
IV. SUMMARY
We discussed the correlation between late-time inte-
grated Sachs-Wolfe (ISW) effect in the cosmic microwave
background (CMB) temperature anisotropies and the
large scale structure of the local universe. This corre-
lation has been proposed and studied in the literature as
a probe of the dark energy and its physical properties.
We considered a variety of large scale structure tracers
suitable for a detection of the ISW effect via a cross-
correlation.
We summarize our results for the correlation coefficient
in figure 6. As shown, the potentials that deflect CMB
photons are strongly correlated with the ISW effect with
correlation coefficients of order 0.95 at multipoles of ∼
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FIG. 6. The correlation-coefficient for ISW-large scale
structure correlations involving lensing effect on CMB (solid
line), a catalog of dark matter halos down to a mass limit
of 1014 M⊙ at all redshifts (dotted line), lensing convergence
from galaxy shear data (dashed lines) with sources at redshifts
of 0.5 and 1.5, and sources as tracers with mean redshifts of
0.4, 0.7 and 1.3. The potentials that deflect CMB photons and
sources at z ∼ 1.5 are best correlated with the ISW effect.
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FIG. 7. The contribution to the power spectra of ISW ef-
fect and other tracers as indicated. The sources have a mean
redshift, z0 of 0.4, 0.7 and 1.3 (from top to bottom). The plot
shows that the contribution to the lensing effect on CMB
comes from same Fourier modes as the ISW effect while there
is a mismatch when compared to galaxy surveys at low red-
shifts.
10. The convergence maps constructed from galaxy shear
data are not strongly correlated due to mismatches in
their window function and that of the ISW effect. While
catalogs of dark matter halos, or galaxy clusters, are well
correlated with the ISW effect, sources at low redshifts
necessarily not. Increasing the mean source redshift to
∼ 1.5, we find correlation coefficients of ∼ 0.9 suggest-
ing that a catalog of sources at such high redshifts are
preferred over a low redshift survey. Such catalogs can
be constructed from surveys at X-ray and radio wave-
lengths, however, the surface density of such sources are
significant lower than optical galaxies and the resulting
cumulative signal-to-noise is subsequently smaller.
In order to understand the correlation between ISW
effect and tracers, we rewrite equation (10) in the form∫
dk/kk3H(k). In figure 7, we show k3H(k) as a function
of k for large scale structure tracers involving sources and
the ISW effect. For comparison, we also show the con-
tribution to potential power spectrum that deflect CMB
photons. As shown, there is a mismatch between the
wave numbers that contribute to the galaxy clustering, at
low redshifts, when compared to the ISW effect. With in-
crease in source redshift, the mismatch decreases and the
sources tend to be more correlated with the ISW effect.
On the other hand, it is clear that lensing potentials that
deflect CMB photons are well correlated with the ISW
effect. In fact, we find that the Planck survey data alone
provide the best opportunity to extract the ISW effect
using an estimator of lensing deflections on its temper-
ature data. With multifrequency data, the presence of
the ISW-large scale structure correlation can also be in-
vestigated through a cross-correlation of the frequency
cleaned SZ and CMB maps.
In the near term, the ISW-tracer correlation is best
studied through catalogs of clusters selected based on
mass. Such catalogs can be constructed with upcoming
wide-field lensing, SZ effect and X-ray imaging surveys.
The combined DUET cluster catalog and the MAP data
will allow a good opportunity to study the ISW-large
scale structure correlation while the MAP data can also
be used with the Sloan catalog of galaxies. We estimate
signal-to-noise of order few for these scenarios suggesting
that any such detection will be challenging. For DUET,
attempts to improve the shot-noise on the X-ray side will
be necessary while for Sloan, one should carefully select
a subsample of high redshift galaxies, say through pho-
tometric redshift data.
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